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AEROSPACE S.YSTEMS A N D D 3 - H  * 
s t a t u s  Report for the  Period 1 February through 30 September 1965 

I. 1"IXODUCTION 

Research has continued during t h i s  period pr imar i ly  on methods f o r  

op t imiza t ion  of space f l i g h t  t r a j e c t o r i e s  pe r t inen t  t o  the  a n a l y s i s  of the  

unmanned Earth-Mars round t r i p  mission. Some work has continued on 

s p e c i f i c  propuls ion system s tud ie s .  

Personnel assoc ia ted  w i t h  the  work remain the same a s  discussed 

i n  the  previous s t a t u s  r epor t .  D r .  Paul M. Lion, a Sloan Post-doctoral  

Fellow i n  t h i s  Department f o r  1965-66, has indicated a wi l l ingness  t o  

become involved i n  our Program i n  the a rea  of space f l i g h t  t r a j e c t o r y  

ana lys i s .  Mr. Erns t  Dickmanns, a NASA In te rna t iona l  Fellow, worked with 

u s  dur ing  the  p a s t  summer before h i s  r e t u r n  t o  Germany. 
_ _  

A number of consul tan ts  have been added to  the  Program. 

Professor  Arthur E. Bryeon of Harvard who is to be Hunsaker Professor  

of Aeronaut ical  Engineering a t  Massachusetts I n s t i t u t e  of Technology for 

Academic Year 1965-66 and Professor George Leitmann of the Universi ty  of 

C a l i f o r n i a ,  Berkeley w i l l  consul t  i n  t h e i r  well-known s p e c i a l t y  of optimal 
1 .  

I . .  

c o n t r o l  theory from t i m e  to time. Analyt ic  Mechanics Associates ,  Inc . ,  including 

and o t h e r s ,  has been engaged f o r  ass i s tance  i n  development of appl ied  mathe- 

matics and computer programing.  

The work i t s e l f  i s  presented i n  the fol lowing sec t ions .  

* 
This  research  is supported by the NASA Office of Space Science and 'Applicat ions 
Launch Vehicle and Propulsion Programs Division under Contract NASr-231. 
Mr. J .  W. Haughey is  the  NASA Program Manager. 
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I If. SPACEFLIGHT TRAJECTORY ANALYSIS 

I W e  are now f u l l y  involved i n  dea l ing  wi th  the  many complexities 

required i n  developing the mathematical approaches and computer programs 

f o r  the opt imizat ion of a n a l y s i s  of space f l igh t  trajectories. The focus 

is  s t i l l  the unmanned Earth-Mars round t r i p  mission. We continue to  d e a l  

with the cons tan t  t h r u s t  and je t  ve loc i ty  characteristic of the  propuls ion 

systems over a range of parameters f o r  chemical rocke ts  through nuclear  

rocke ts  t o  electric t h r u s t e r s  which complicates the mathematics and the 

programs. 

ephemerides which involves three-dimensional o r b i t a l  configurat ions.  

Work is also underway on planetary escape and capture  trajectories, 

including patching on to optimized h e l i o c e n t r i c  t r a n s f e r  t r a j e c t o r i e s .  

I 

1 

I We have a l s o  introduced the a c t u a l  p lane tary  elements and 

I 

A. Accompliabents t o  Date 

1. The previous s t a t u s  r epor t  (1 February 1964 - 31 January 1965) 
I 

contained a prel iminary discussion of an inves t iga t ion  d i r ec t ed  a t  removing 

a prime d i f f i c u l t y  i n  cu r ren t  appl ica t ions  of the c l a s s i c a l ,  i n d i r e c t ,  

ca lcu lus-of -var ia t ions  method t o  t r a j e c t o r y  opt imizat ion.  

r e s u l t s  from the f a c t  that numerical s o l u t i o n  of the r e s u l t a n t  two-point 

boundary value problem reqL.ires knowledge of the  i n i t i a l  (or f i n a l )  values 

of c e r t a i n  of the  Lagrangian mul t ip l i e r  func t ions  i(t) f o r  numerical 

iniegiaiiori of the df f ferent i e l  eqiuations. I n  p r a c t i c e ,  except f o r  a few 

simple cases of l imi ted  p r a c t i c a l  i n t e r e s t ,  complete ignorance e x i s t s  

concerning these values.  As a consequence, the cu r ren t  s t a t e -o f - the -a r t  

i n  a p p l i c a t i o n  of the  c l a s s i c a l  method is based upon guessing o r  otherwise 

e s t ima t ing  a se t  of i n i t i a l  values f o r  forward in t eg ra t ion ,  f o r  

l 

I This d i f f i c u l t y  

I - '  

I 

Ai(0)  , 

.exampl.e, and r e l i a n c e  upon an i t e r a t i v e  computational scheme t o  converge 
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these i n i t i a l  guesses to  the co r rec t  bu t  unknown values  so as t o  s a t i s f y  

I the  given boundary condi t ions.  Unfortunately, a high s e n s i t i v i t y  of 

terminal values  t o  the  i(0) is  c h a r a c t e r i s t i c ,  which makes convergence 

1, 

I very d i f f i c u l t  a t  best, and o f t e n  not a t t a i n a b l e .  For these reasons,  t h i s  
I 

I * 
method has been termed "an ar t"  by Kelley (1) and is considered as having 

proven l a r g e l y  unsuccessful  by Kenneth and M c G i l 1  (2). 

It can now be reported that we have been successfu l  i n  overcoming 

t h i s  d i f f i c u l t y  f o r  the  important c l a s s  of t r a j e c t o r i e s  i n i t i a l l y  inves t i -  

~ 

gated and descr ibed below. A t  present ,  optimal t r a j e c t o r i e s  f o r  fixed- 

t h r u s t ,  f ixed  exhaust ve loc i ty  engines,  are being ca l cu la t ed  without any 

guessing (or  es t imat ion)  of the h i(0) . The technique is  t o  use the  

. (0) generated by s o l u t i o n  of the optimal impulsive t r a j e c t o r y  as the  
1 

i n i t i a l  h ( 0 )  f o r  the  optimal t r a j ec to ry  wi th  non-impulsive propulsion. 

Pines  pointed out  t h a t  the  impulsive so lu t ion  should be the  l i m i t  po in t  of 

a simply-connected space of i n i t i a l  values A i(0) 

t r a j e c t o r i e s ,  as the  t h r u s t  magnitude approaches i n f i n i t y ,  and the t h r u s t  

i 

f o r  non-impulsive 

d u r a t i o n  approaches zero. This conjecture ,  which appeared t o  o f f e r  a 

l o g i c a l  and workable approach t o  the so lu t ion  of non-impulsive optimal 

trajectories, s t imula ted  the d i r e c t i o n  of research  c a r r i e d  out  by 

D r .  Handelsman and has been confirmed i n  theory and by ample numerical 

results (3). 

A paper conta in ing  the pe r t inen t  theory and numerical r e s u l t s  

has been w r i t t e n  and may be consulted for d e t a i l s  (4). A b r i e f  summary of 

* 
Arabic numbers i n  parentheses  r e f e r  t o  the list of References i n  APPENDIX A. 

.. 
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t h i s  paper is as follows: The theory f o r  c a l c u l a t i o n  

optimal two-impulse trajectories s a t i s f y i n g  the  given 

is given f i r s t .  From these A i ( t )  , the  t r a n s i t i o n  

optimal trajectories with spec i f i ed  f i n i t e - t h r u s t  and 

of the  X i(t) f o r  

boundary condi t ions  

t o  non- impulsive 

f ixed  exhaust ve loc i ty  

propulsion is then der ived and demonstrated, using e i t h e r  (1) a sweep i n  

F/mo ( t h r u s t / i n i t i a l  mass) and V (exhaust  ve loc i ty ) ,  or (2) an i t e r a t i o n  

d i r e c t l y  from the impulsive case. Using method (l), the performance of 

engines wi th  F/mo and V spanning the range from chemical through nuclear  

t o  electric propulsion, can be ca lcu la ted  i n  a s i n g l e  sweep. This is most 

u s e f u l  f o r  comparative ana lys i s  of d i f f e r e n t  propulsion systems f o r  a given 

mission. A number of representa t ive  examples a r e  given of opt imal ,  f ree-  

space,  central-body f i e l d ,  two-dimensional, i n t e rp l ane ta ry  t r a n s f e r s ,  between 

both c i r c u l a r  a d  e l l i p t i c  o r b i t s ,  and f o r  both fixed-time and open-time 

cases. 

Newton-Raphson methods show exce l l en t  agreement. 

j 

j 

Comparison with published r e s u l t s  using the grad ien t  and general ized 

A t  the present  wr i t i ng ,  the above-described body of theory and 

numerical techniques has been developed f o r ,  and is therefore  r e s t r i c t e d  

to  the c l a s s  of two-dimensional t r a j e c t o r i e s  with t r a n s f e r  times and angles  

such that the  optimal power control  program is on, o f f ,  and on. 

t r a j e c t o r y  which i s  the l i m i t  point  of such non-impulsive t r a j e c t o r i e s  is a 

s i n g l e  arc wi th  two terminal  impuises an6 vue ifitcrier cesstizg arc t?e!xeen 

the  terminal impulses. This c l a s s  of optimal t r a j e c t o r i e s  may be roughly 

cha rac t e r i zed  as having l imi t ing  values f o r  t r a n s f e r  angle  and t i m e  not 

g r e a t l y  i n  excess  of 180° and the Hohmann-transfer time, respec t ive ly .  

The impulsive 

* 

* 
1 '  The.?xact value depends mostly upon F/mo , and somewhat upon V 
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When these limits are exceeded, then depending upon the i n i t i a l  and terminal 

o r b i t s ,  the  optimal t r a j e c t o r y  may requi re  provis ion f o r  one or two terminal 

coas t ing  arcs, or f o r  i n t e r i o r  impulses, o r  f o r  more than one i n t e r i o r  

coas t ing  arc,  etc. This type of t r a j e c t o r y  does not have the simple power 

control program on, off, and on. Accordingly, ex tens ion  of the technique 

is under s tudy t o  trajectories with t r a n s f e r  angles  exceeding 180 , termed 

f o r  which the l imi t ing  impulsive t r a j e c t o r y  may r equ i r e  more than 

0 

two terminal impulses, o r  terminal coas t  per iods ,  o r  more than one i n t e r i o r  

coas t  period. 

2. In the  course of developing the t h e o r e t i c a l  techniques and 

computational c a p a b i l i t i e s  a s  described above f o r  c a l c u l a t i o n  of optimal 

f i n i t e - t h r u s t  t r a j e c t o r i e s ,  programs f o r  ca l cu la t ion  of optimal impulsive 

(two-impulse) t r a j e c t o r i e s  have been successfu l ly  completed as by-products. 

These programs are use fu l  i n  t h e i r  own r i g h t  f o r  mission ana lys i s  using 

impulsive-type propulsion, and a r e  i d e n t i f i e d  below: 

( a )  Fixed-angle, open- time t r a n s f e r s  between given terminals 

(a terminal po in t  is defined by a pos i t i on  and a v e l o c i t y  vector ;  hence, 

the  t r a n s f e r  angle  is a l s o  f ixed) .  The development of the  theory by 

Lee (5) is  used, which r equ i r e s  loca t ion  and test of the roots of an e ight -  

o rde r  polynomial, whose va r i ab le  is the semi- la tus  rectum of the  t r a n s f e r  

e l l i p s e .  

The program is w r i t t e n  i n  double prec is ion .  

The equat ions a c t u a l l y  used f o r  the program uie given i:: Xef- 

It is  mentioned t h a t  f o r  a 

p a r t i c u l a r  bu t  i n t e r e s t i n g  m i s s i o n  where a double minimum e x i s t s  i n  the 

to ta l  impulse v e l o c i t y  change, Lee shows unequal minima where equal minima 

should be obtained,  according t o  s tudy by Mr. S. M. Rocklin (7 ) .  (Also 

see APPENDIX B f o r  a l ist  of cu r ren t  MARS Memos.) 
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(b) Fixed-time, open-angle t r a n s f e r s  between coplanar c i r c u l a r  

o r b i t s .  This has been solved and programmed by Mr. G. A. Hazelrigg, using 

a Newton-type iterative so lu t ion  of Kepler 's  equat ion (8). This program is 

w r i t t e n  i n  double prec is ion .  

(c) Fixed- t i m e ,  f ixed-angle t r a n s f e r s  between given terminals ;  

i . e . ,  rendezvous misslone, between coplanar e l l i p t i c  o r b i t s .  This w a s  

solved and programed by Mr. P. J .  Wallack, using a Newton-type i t e r a t i v e  

s o l u t i o n  and appropr ia te  forms of Lambert's equat ion given by Jordan (9).  

a 

3. A number of impulsive and non-impulsive optimal (minimum- 

p rope l l an t ,  un less  otherwise stated) he l iocen t r i c  t r a j e c t o r i e s  have been 

ca l cu la t ed  f o r  var ious in te rp lane tary  missions ( a l l  i n  two dimensions) of 

i n t e r e s t ,  as follows: 

(a) Fixed-time, f ixed-angle,  rendezvous, Earth-to-Mars, e l l i p t i c  

p lane tary  o r b i t s ,  us ing two-dimensionalized ephemerides ( the  o r b i t  of Mars 

i s  pro jec ted  onto that  of Ear th ' s ) .  

by M r .  G. A. Hazelrigg ( l o ) ,  and programmed by M r .  P. J. Wallack, fu rn i sh  

required da ta  such a s  planetary pos i t ion ,  angle ,  ve loc i ty ,  da t e ,  t i m e ,  

f o r  colaputation of optimal t r a j e c t o r i e s  between Ear th  and Mars f o r  the 

1970-1990 time per iod.  

The ephemerides equations developed 

(b) Fixed-time, f ixed-angle,  Earth- to-Mars, and Mars- to-Earth,  

c i r c u l a r  o r b i t s .  

(c) Fixed- time, open-angle, Earth- to-Mars, c i r c u l a r  o r b i t s .  

(d) Fixed- t i m e ,  f ixed-angle, Mars- to-Earth,  c i r c u l a r  o r b i t s .  

(e) Minimum- time, open-angle, Earth- to-Mars, c i r c u l a r  o r b i t s .  

( f )  Fixed-angle, open time, Earth-to-Venus, Venus- to-Earth,  

and Earth- to-Mercury, a l l  c i r c u l a r  orbits. .  
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( 8 )  Fixed-angle, open-time, Ear th- to-orb i t s  wi th  r a d i i  varying 

from 0.2 x 10" to 0.4 x 1 O I 2  meters ( approxba te ly  0.13 to  2.7 A.U.), 

c i r c u l a r  o r b i t s .  

4. A highly usefu l  generalized program for 35 ~plll f i l m  recording 

of the  IBM 7094 computer cathode-ray tube output has been completed by 

Mr. P. J. Wallack. 

impulsive and non-impulsive t r a j e c t o r i e s ,  graphs of spec i f i ed  func t ions  

of the  s t a t e  and a d j o i n t  va r i ab le s ,  ( h i )  indiv idua l ly  or composite, 

t o  name a few of the  i n t e r e s t i n g  and usefu l  c a p a b i l i t i e s .  

This provides f o r  p l o t t i n g  of p lane tary  orbi ts ;  

5. A l l  programs have been converted to  Fortran IV. 

B. Work i n  Progress 

. A t  the present  wr i t i ng  the following work is i n  progress:  

1. Analytic so lu t ions  of the  optimized f l i g h t  equat ions during 

c o a s t  are ava i l ab le ,  and f o r  improved accuracy, can be.used t o  rep lace  

numerical i n t eg ra t ion  of these equations.  These so lu t ions  have been 

programmed, lldebugged,tl and are present ly  being in te r faced  wi th  the  

programs f o r  the  i n i t i a l  and f i n a l  power-on phases of the  t r a j ec to ry .  

2. Inves t iga t ion  of a l t e r n a t i v e  a n a l y t i c  and computation methods 

o t h e r  than the  i n d i r e c t  method of the ca lcu lus-of -var ia t ions  and the  d i g i t a l  

computer, respec t ive ly .  For example, the general ized Newton-Raphson method (2, 

11) is under s tudy as a very promising d i r e c t  method. This method r equ i r e s  

a s t a r t i n g  vector  which must be guessed, but its power and r a p i d i t y  of con- 

vergence are impressive. It is possible t h a t  an appropr ia te  combination of 

the  i n d i r e c t  method developed during this study and a d i r e c t  method such a s  

the  genera l ized  Newton-Raphson may prove t o  have use fu l  p rope r t i e s .  

another  example, the app l i ca t ion  of analog or hybrid (ana log-d ig i ta l )  machines 

As 

. *  
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to speed up the computations is a l s o  under inves t iga t ion .  

3. Computation of opt imal  he l iocen t r i c  t r a n s f e r s  proceeds as 

follows : 

(a)  Additional t r a j e c t o r i e s  Earth- to-Mars and r e t u r n ,  e l l i p t i c  

o r b i t s ,  two-dimensionalized t rue  ephemerides, i n  connection with the round- 

t r i p  mission to  Mars under study. 

(b) Ear th- to-Jupi te r ,  c i r c u l a r  o r b i t s ,  f o r  prel iminary s tudy of 

propuls ion requirements f o r  f lyby  and o r b i t e r  missions.  

4. Plane tocent r ic  escape and capture  maneuvers are being s tudied  

inc luding  patching on to  he l iocen t r i c  t r a n s f e r s  using sphere-of-influence 

concepts and asymptotic matching. 

C. Planned Research 

1. The i t e r a t i o n  scheme used i n  the  computations t o  da t e  is 

a f a i r l y  s tandard one (12). The considerable experience gained during the 

pas t  r epor t ing  per iod i n  successful  ca l cu la t ions  of many var ied types of 

optimal t r a j e c t o r i e s  i nd ica t e s  the d e s i r a b i l i t y  t o  develop a f a s t e r  and 

more smoothly converging i t e r a t i o n  procedure. Improvements i n  the  e r m a t  

scheme and inves t iga t ion  of newer types w i l l  be c a r r i e d  out .  

2. Extension of the  impulsive- i t e r a t i v e  method described above 

(4) to  a wider class of t r a j e c t o r i e s ,  as follows: 

(a) To "hookedr1 t r a j e c t o r i e s ,  which may be encountered i n  

achiev ing  rendezvous i n  optimized round-tr ip  missions,  and a l s o  may be 

requi red  f o r  s p e c i a l  one-way missions. 

(b) Extension of the present  two-dimensional method t o  three  

d imens ions.  
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(e) In order  to acccinplish very fas t - t ime missions,  hyper- 

b o l i c  coast arcs become necessary. Extension of the present  method, which 

incorporates  only e l l i p t i c  a r c s ,  t o  include a l l  poss ib le  conics  ( i . e . ,  

e l l i p s e s ,  parabola8 and hyperbolas) is planned. 

(d) To probe or f lyby  t r a j e c t o r i e s .  The work to  d a t e  has been 

s o l e l y  on t r a j e c t o r i e s  which match terminal o r b i t a l  or p lane tary  condi t ions 

of pos i t i on  and veloc i ty .  

3. Continuation of the planetary escape and capture  t r a j e c t o r y  

a n a l y s i s  work t o  include optimal patching t o  h e l i o c e n t r i c  t r a n s f e r s  with 

three-d imnsional  and multi-body e f f e c t s .  
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1x1. A~ROSPACE SYSTEMS ANALYSIS 

During t h i s  per iod we became convinced t h a t  i t  would be necessary 

to  broaden the  s t u d i e s  of space propulsion systems so that fundamental and 

modern methods of s y s t e m  ana lys i s  could be introduced and even extended 

by app l i ca t ion  t o  the propulsion and o the r  vehic le  systems involved i n  the  

missions of concern of t h i s  research. The advanced space propuls ion systems, 

e s p e c i a l l y  those based on nuclear  energy,characteristically have more degrees 

of freedom than the chemical systems and a much g rea t e r  v a r i e t y  of poss ib le  

system arrangements. 

and the  e l e c t r i c  t h rus to r  systems. 

systems from the realm of p o s s i b i l i t i e s  and the i d e n t i f i c a t i o n  of the  

s i g n i f i c a n t  parameters and t h e i r  s e n s i t i v i t i e s  w i l l  r equi re  e a r l y  abandon- 

This is espec ia l ly  t r u e  of the  nuclear  power systems 

J u s t  the screening of the higher  performing 

ment of the o ld  methods involving extensive c ros s -p lo t t i ng  of r e s u l t s .  

Systems w i l l  need t o  be described mathematically i n  a l l  t h e i r  complexity 

and programed f o r  e l e c t r o n i c  computer ana lys i s .  I n  the  meantime, t h e  

s t u d i e s  descr ibed below are i n  progress. 

A. Nuclear Space Power System Analyses 

A j o i n t  MSE thesis, Nuclear Space Power System Analyses f o r  the 

Unmanned Mars Round Trip,  has been completed by Lieutenants C .  D. Burton and 

J .  A. Evans, who were Navy post-graduate s tudents  i n  t h i s  Department dur ing  

Academic Year 1964-65 (See APPENDIX C L i s t  of Publicat ions) .  This thesis 

has  been placed i n  a l imi t ed  d i s t r i b u t i o n  category t o  permit review and 

f u r t h e r  development of its da ta  and conclusions by M r .  Peter  Williams of 

t h e  Nuclear Propulsion Research Laboratory before  i s su ing  i t  as a technica l  

r e p o r t .  The primary in t en t ion  of t h i s  s tudy is the  development of parameters 

for  use i n  the a n a l y s i s  of the  Earth-Mars round t r i p  mission. 



B. Survey of E l e c t r i c  Space Propulsion Systems 

An undergraduate t h e s i s  i s  being completed by Mr. John Slaybaugh, '66, 

involving a s tudy of the published l i t e r a t u r e  and ava i l ab le  technica l  r epor t s  

t h a t  w i l l  survey e l e c t r i c  space propulsion systems f o r  t h e i r  a p p l i c a b i l i t y  

i n  the  1975-85 per iod t o  the unmanned Earth-Mars round t r i p  mission. Work 

has been devoted during t h i s  per iod to  an understanding of the func t ion  of 

the new magnetoplasmadynamic th rus to r s  and to  the development of pred ic ted  

performance parameters f o r  both the th rus to r  and power conversion systems. 

At ten t ion  w i l l  be given a l s o  to i o n  th rus to r  and power conversion systems. 

C. Nuclear Rocket Systems 

Studies  of the  f a c t o r s  inf luencing the s i z i n g  of s o l i d  core nuclear 

rocke t  systems have been i n i t i a t e d  f o r  use i n  the mission of i n t e r e s t  t o  t h i s  

research.  Much of the  l i t e r a t u r e  on nuclear  rocket core  design is c l a s s i f i e d  

so i t  is  planned to make t h i s  e f f o r t  insofar  a s  poss ib le  from fundamental 

p r i n c i p l e s  as found i n  textsand other  published works so that i t  can be 

used i n  some d e t a i l  i n  the mission analyses.  Primary e f f o r t s  during t h i s  

per iod  have been given to  a survey of the  unc la s s i f i ed  l i t e r a t u r e .  
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IV. PLANJ3TARY/INTERPIANETARY MISSION ANALYSIS 

Although e f f o r t s  have been made during t h i s  per iod to  develop the  

space f l igh t  t r a j e c t o r y  a n a l y s i s  capab i l i t y  and the  propuls ion system para- 

meters that are necessary f o r  a f i r s t  mode a n a l y s i s  of the unmanned Earth- 

Mars r o d  t r i p  mission, we have not been a b l e  t o  do so. Our in s i s t ence  

on conducting "realistic" mission analyses using a c t u a l  p lane tary  ephemerides 

among o ther  t r a j e c t o r y  c o n s t r a i n t s  and projected performance parameters 

for the  propulsion systems has delayed s t r u c t u r i n g  the computer programs 

f o r  the  unmanned Ea r th -mrs  round t r i p  mission. Emphasis w i l l  be placed 

dur ing  the next  per iod on the appl ica t ion  of mathematical m t h o d s  and 

development of programs t h a t  w i l l  p e r m i t  the  e a r l y  r e a l i z a t i o n  of t h i s  

capab i l i t y .  

A n  undergraduate s tudent  i n  the  Department of Geological Engineering, 

Mr. "homes C .  Hanks, has undertaken a s tudy of the  requirements f o r  subsurface 

explora t ion  of Mars as a preliminary t o  determining the mass, volume and 

power requirements of an automatic d r i l l i n g  and cor ing  machine. 

research  such a machine is of i n t e r e s t  as a poss ib le  payload component 

f o r  the unmanned Earth-Mars round t r i p ,  but  the a reo logic  reasons f o r  d r i l l i n g  

and taking cores  of the  Martian c r u s t  must f i r s t  be s tud ied .  

I n  our 
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